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Available online 06 April 2016High-aspect-ratio GaN-based nanostructures are of interest for advanced photonic crystal and core-shell devices.
Nanostructures grown by a bottom-up approach are limited in terms of doping, geometry and shape which nar-
row their potential application areas. In contrast, high uniformity and a greater diversity of shape and design can
be produced via a top-down etching approach. However, a detailed understanding of the role of etch process pa-
rameters is lacking for creating high-aspect ratio nanorods and nanopores. Here we report a systematic analysis
on the role of temperature and pressure on the fabrication of nanorod and nanopore arrays inGaN. Our results show
a threshold in the etch behaviour at a temperature of ~125 °C, which greatly enhances the verticality of the GaN
nanorods, whilst the modiﬁcation of the pressure enables a ﬁne tuning of the nanorod proﬁle. For nanopores we
show that the use of higher temperatures at higher pressures enables the fabrication of nanoporeswith an undercut
proﬁle. Such a proﬁle is important for controlling the optical ﬁeld in photonic crystal-based devices. Therefore we
expect the ability to create such nanostructures to form the foundation for new advanced LED designs.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).Keywords:
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III-Nitride high-aspect ratio nanostructures such as arrays of ordered
nanorods and nanopores, for which the lateral dimensions of pillars and
holes, respectively, are submicron and the aspect ratio is greater than one,
are of great interest for the next generation of devices such as core-shell
light emitting diodes [1–3], non-linear photonic diodes [4], photonic crystal
emitters [5–7] and sensors [8–11]. It has been reported that the optical
emission properties of InGaN/GaN nanorod arrays, such as the directivity
or the enhancement of photonic crystal features, strongly depends on the
shape, diameter, height and density of the nanorod arrays [6,7,12]. The
use of nanopore arrays to create photonic crystals within suspendedmem-
branes also depends on the losses inducedby scattering inducedby the fab-
rication process [13,14]. Therefore, the ability to accurately control the
nanorod and nanopore parameters is essential for device fabrication.
The use of deep-ultraviolet or nanoimprint lithography (NIL) to cre-
ate nanoscale metal mask, combined with dry-etching, allows the crea-
tion of arrays of nanorods and nanopores on a wafer-scale through top-
down processing [15,16]. The nanostructure diameter, dimension and
geometry of the array can be controlled by carefully designing the
stamp, whilst the height and shape of the nanostructures can be tuned
by controlling the parameters of the dry-etching process [16]. The nano-
rod proﬁle plays an important role in whether photonic crystal effectsar).
. This is an open access article underare observed in InGaN/GaN nanorods. The introduction of an undercut
proﬁle creates a strong index guiding which supports the formation of
Bloch modes [6], allowing the light to be guided in-plane and causing
the existence of a photonic band gap.
The use of an epitaxial regrowth step after the etching of the nano-
structure by Metal Organic Vapour Phase Epitaxy (MOVPE) can also be
implemented to reduce etch damage induced by the top-down process
[17]. Furthermore, it can be used to create an active region, such as an
InGaN quantum well, for the fabrication of InGaN/GaN radial core
shell structures for LEDs [17–19] or sensors [8–10].
In our previous study, we found the temperature during plasma
etching had a critical effect on the sidewall verticality of high-aspect-
ratio GaNnanorods [20]. In this article, we examinemore deeply the im-
pact of temperature and pressure on the shape of theGaNnanorods and
nanopores using Cl2/Ar chemistry. This chemistry was chosen for its
simplicity and because it produces controllable etch rates [21]. Using
an etch temperature greater than 125 °C has been found to enable the
formation of high-aspect-ratio nanorods with a vertical proﬁle, and
both the pressure and temperature are critical parameters for the fabri-
cation of undercut nanorods and nanopores.
2. Experimental
A nanoimprint-lithography-based lift-off techniquewas used to cre-
ate regular hexagonal arrays of metal dots or holes for use as a hard
mask for nanorods and nanopores respectively [15]. The nanoimprintthe CC BY license (http://creativecommons.org/licenses/by/4.0/).
Fig. 1. SEM planar view images of the nickel metal mask created by NIL and lift-off
according to Ref. [15] a) nanodot and b) nanohole arrays. Scale bars represent 500 nm.
Fig. 2. SEM cross-sectional images of GaN nanorod arrays etched at different temperatures
using 800 W ICP, 120 W RIE, 9 mTorr, Cl2/Ar ﬂows: 50/10 sccm.
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features on a 2 μmpitch. Fig. 1 shows an example of the nanoscalemetal
mask used for GaN etchingwith a pitch of 600 nm. The size of themetal
dots in Fig. 1awasmeasured to be approximately 280 nmwhilst the size
of the holes in the metal mask in Fig. 1b was approximately 250 nm.
Conventional MOVPE-grown, Ga-polar, c-plane, silicon-doped GaN-
on-sapphire templates of thickness approximately 5 μmwere used for
creating both GaN nanorods and nanopores in an ICP dry etch system
(Oxford Instruments System 100 Cobra). A mixed Cl2/Ar gas composi-
tion with a 5:1 ratio was used for the GaN etching. This composition
represents a good compromise between a fast GaN etching rate and re-
duced mask erosion, both of which are important for obtaining high-
aspect-ratio structures. The following dry etching parameters for nano-
rod and nanopore etchingwere kept constant: Cl2 ﬂow 50 sccm, Ar ﬂow
10 sccm, RIE power 120 W, ICP source power 800 W. The pressure was
varied between 9mTorr and 15mTorr, and the temperature was varied
between 75 °C to 175 °C for nanorods, and 150 °C to 350 °C for
nanopores. Higher temperatures were studied for the nanopores in
order to determine whether the etch limitations, to be discussed later,
could be overcome. The effect of etch duration was investigated from
5 to 30 min at the different pressures and temperatures for both struc-
tures. The temperature of the bottom electrode, on which the sample
was placed, was controlled andmeasured in-situ. The variation of mea-
sured temperature never exceeded the set temperature by more than
5 °C during the overall etching process. In order to minimize additional
plasma heating of the sample, a pause of one minute was introduced
after each minute of etching. Secondary electron images were taken
from the centre of the sample with a Hitachi S-4300 Scanning Electron
Microscope (SEM) after cleaving it in half. The height and diameter of
the nanostructure were extracted from the SEM image. Measurements
were taken on more than ﬁve nanostructures to obtain representative
and accurate dimensions.Fig. 3. Etch rate, rod diameter and sidewall angle of GaN nanorods measured from cross-
sectional SEM images after etching using 800 W ICP, 120 W RIE, 9 mTorr, Cl2/Ar 50/
10 sccm from 75 °C to 175 °C for 10 min. The inset shows the sidewall angle proﬁle from
100 °C to 175 °C.3. Results and discussion
Fig. 2 shows SEM cross sectional images of GaN nanorods etched for
10 min at 9 mTorr for various temperatures. The increase of tempera-
ture from 75 °C to 175 °C has three effects on the nanorod characteris-
tics: 1) an increase of the etch depth, 2) a decrease in the nanorod
diameter, and 3) amodiﬁcation of the nanorod sidewall angle from a ta-
pered to a vertical proﬁle.
Fig. 3 summarises the nanorod etching characteristics: the etch rate,
rod diameter, and sidewall angle as measured from SEM images, as a
function of temperature.
A noticeable step change in the etch rate, from 340 nm.min−1 to
375 nm.min−1, is observed for temperatures below and above a critical
temperature between 100 and 125 °C (Fig. 3a). In addition, a clear dis-
continuity is observed in the nanorod diameter temperature depen-
dence at 125 °C (Fig. 3b, diameter measured at half the nanorod
height). The decrease of diameter with temperature is much greater
below this critical value than above it, dropping from 2.3 nm.°C 1 to
0.2 nm.°C−1. Furthermore the rise of temperature from 75 °C to
100 °C improves the verticality of the nanorods, with a decrease of the
sidewall angle from 10° to 0.4° for this set of etching parameters(Fig. 3c). A further increase of temperature to 175 °C leads to a very
small undercut (Inset Fig. 3c).
The modiﬁcation of the etch rate and the nanorod diameter discon-
tinuity, both observed around 100–125 °C, suggest a change in the etch-
ing mechanism. The sloped sidewall of 10° found at 75 °C indicates a
Fig. 4. SEM cross-sectional images of GaN nanorod arrays etched at different
pressures at a ﬁxed temperature of 150 °C using 800 W ICP, 120 W RIE, 9 mTorr,
Cl2/Ar ﬂows: 50/10 sccm.
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The importance of the volatility of the etched by-products is conﬁrmed
by the reduction of sidewall angle from 10° to 0.4° at 100 °C as well as
the decrease of nanorod diameter from 100 °C to 125 °C.
In general there are twomain effects inﬂuencing the sidewall proﬁle
during dry etching. The ﬁrst is the angle of incidence of the etching ions,
while the second is the formation, during the etching process, of a pro-
tective layer resistant to the chemical component of the plasma etching.
Once this layer has been formed, further chemical etching of the GaN
can continue only once this protective layer has been removed. Control
of the generation and removal rates of the protective layer determines
the sidewall proﬁle angle. Sputter etching in an ICP system is highly an-
isotropic due to two effects: ﬁrstly, the small angular distribution of in-
cident ions leads to greater ion irradiance for the parts of the wafer
where the surface is normal to the accelerating electric ﬁeld than on
those parts that are inclined. Secondly the sputter etch process is
much less efﬁcient for ions incident at glancing angles. For the case of
GaN in Cl plasmas, it is expected that the chemical etch process involves
the conversion of GaN to (GaCl3)2 or (GaCl3), thus requiring multiple
collisions [22]. As the collision probability reduces formore glancing an-
gles, the probability of etching material on the nanorod sidewall is
strongly reduced. It is expected that for theGaNnanorods the formation
and removal of the protective (GaCl3)2 created on the sidewalls at a par-
ticular temperature will determine the proﬁle. The discontinuity at
~125 °C found in the etching rate and the rod diameter with tempera-
ture, indicates the point at which the protective layer is removed as
fast as it is generated. The small linear decrease observed from 125 °C
to 175 °C would then solely correspond to the generation rate of the
protective layer on the sidewall. These temperatures are consistent
with the increase of volatility of the (GaCl3)2 and (GaCl3) etch by-
products around 80–150 °C [20].
Fig. 4 shows the effect of pressure on the proﬁle of etched nanorod
arrays for 600 nm features on a 2 μm pitch. The set of etch parameters
used were the same as described above but the temperature and etch-
ing time were ﬁxed as 150 °C and 12min, respectively, whilst the pres-
sure was varied from 10 mTorr to 15 mTorr.
Fig. 4 shows that the etching depthwas reduced from 4.3 μm, 3.4 μm
to 3.2 μm as the pressure increased from 10 mTorr, 12 mTorr to
15 mTorr, respectively. At 10 mTorr, nanorods with 550 nm diameter
were obtained.Whilst the sidewalls are predominantly vertical, the top-
most region (about 800 nm) shows a slight outward tapering. Thismost
likely arises due to mask erosion occurring during the etching process.
The increase of pressure to 12 mTorr results in the top region being
less tapered since the higher pressure reduces the sputter component
of the etch process, thus reducing the mask erosion and its conse-
quences. In contrast to 10 mTorr the lower regions of the nanorod
etched at 12 mTorr were also slightly undercut, with the diameter de-
creasing from 570 nm near the top to a minimum value of 530 nm
nearer the base. A further increase of pressure to 15 mTorr led to a
more pronounced undercut proﬁle, with a linear reduction of the size
of the nanorod diameter from 600 nm at the top to 270 nm at the
base. The measured DC bias increased from 410 V for 10 mTorr, to
420 V for 12 mTorr, up to 440 V for 15 mTorr.
These results show the impact of the pressure on the etch mecha-
nism, from a sputter-based process at lower pressure, predominantly
due to a higher mean free path of the species, which erodes faster the
hard mask, to a less anisotropic process with enhanced lateral etching
at higher pressure, likely to be due to a higher scattering and a higher
concentration of the species, which produced an undercut at the base
of the nanorod.
The same investigation has been pursued to achieve high-aspect-
ratio nanopores using an initial hole aperture diameter of 250 nm. The
etching of nanopores is known to be more difﬁcult due to the
shadowing effect of neutral species and electrostatic deﬂection of in-
coming ions in the holes [23] and the greater difﬁculty in removing
the etch by-products from the more conﬁned nanopores.Fig. 5 shows cross-sectional SEM images of nanopore arrays after
cleaving. Note that the cleave line does not necessarily pass through
the centres of the nanopores, thus making the images harder to inter-
pret than for the cleaved nanorod arrays. The nanopores were etched
for 5 min at different temperatures at a ﬁxed pressure of 15 mTorr. At
200 °C, an etch depth of 1.2 μm was achieved. However, the holes
were highly tapered so that the etch depth was self-limiting. A further
increase of temperature, up to 250 °C and 350 °C, helped to increase
the etch depth to 1.5 μm and 1.6 μm respectively. The most noticeable
feature for the higher temperatures was the large increase in the pore
diameter around 550–600 nm below the mask, increasing to 350 and
380 nm for 250 °C and 350 °C, respectively. Furthermore the nanopores
were wider with a ﬂat, smooth base with a diameter of 240–250 nm,
equivalent to the pore opening.
Substantial roughness within the nanopores can be seen in high reso-
lution SEM images at 200 °C (not shown) that appears to decrease at
250 °C and has disappeared at 350 °C. At the higher temperatures the
roughness is replaced by well-deﬁned crystallographic facets (Fig. 5b
and c). The presence of these facets, obtained at high temperature and
pressure, implies the dominance of chemical etching in the process.Mov-
ing from 200 °C to 250 °C and above, the etching of Ga-based material is
facilitated by the larger probability of forming (GaCl3) over (GaCl3)2. We
believe the widening of the pores at 550–600 nm below the surface is
most probably due to the deﬂection of incoming ions by the slightly ta-
pered etch mask towards the nanopores sidewalls and from surface
charges that deﬂect ions into parabolic trajectories directed towards the
Fig. 5. SEM cross-sectional images of GaN nanopores etched for 5 min at various
temperatures using 800 W ICP, 120 W RIE, 15 mTorr, Cl2/Ar ﬂow: 50/10 sccm.
Fig. 6. SEM cross-sectional images of GaN nanopores etched for 30 min at 15 mTorr and
150 °C using 800 W ICP, 120 W RIE, Cl2/Ar ﬂow: 50/10 sccm.
Fig. 7. Aspect ratio as a function of time for both nanorods (150 °C & 9 mTorr) and
nanopores (150 °C & 15 mTorr). An aspect ratio dependent etching is found for the
nanopore geometry.
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ﬁxed distance below the mask, independent of temperature.
Fig. 6 shows an SEM cross-sectional image of GaN nanopores etched
for themuch longer duration of 30min at 15mTorr for a temperature of
150 °C. Uniform etching was found all over the sample with an etch
depth of 2.4 μm. It was found that increasing the temperature up to
250 °C did not further increase the overall aspect ratio of the nanopores.
For deep-etched nanopores, whilst the tapering of the upper region var-
ied depending on the etch parameters, the lower region of the pores
was found to be tapered in all cases.
Fig. 7 shows the effect of etch duration on the aspect ratio of the
nanopores. It is clearly non-linear, reaching a maximum aspect ratio of
approximately 8 after 20 min. This effect is well established and
known as Aspect Ratio Dependent Etching (ARDE). There are a number
of factors that could have contributed to this phenomenon:
1) The etching by-products can deposit on the surface and control the
evolution of the sidewall proﬁle. The balance between simultaneous
etching and formation of the passivation layer determines theoverall proﬁle during the plasma etching process. For any tapered
proﬁles, there is a limit to the etch depth that can be achieved simply
due to the geometry of the taper. For nanorods, the sidewall proﬁle
depends strongly on temperature, as shown in Fig. 3. On the other
hand, nanopores were etched at temperatures up to 350 °C, without
improvement in the maximum aspect ratio.
2) Depletion of the etching species within the nanopores can occur as a
result of in-diffusion being impeded by reaction by-products unable
to escape the evolving nanostructure or by a concentration gradient
of the etching species causedby the reactionwith the sidewall or geo-
metrical shadowing of its lower regions, leading to a reduction in
sidewall etching with increasing depth. Any tapering resulting from
this effect will lead to a self-limiting etch depth as described above.
3) Charging of the GaN surface during the etching of high-aspect-ratio
features can build up an electric ﬁeld on the surface that distorts
136 E.D. Le Boulbar et al. / Microelectronic Engineering 153 (2016) 132–136the ion trajectories and prevents the charged etching species from
reaching the lower regions or the nanopores.
The combination of these effects result in a reduction of the etch rate
with depth leading to a non-linear etch rate with time. A comparison of
the aspect ratio versus duration for nanorods and nanopores is also
shown in Fig. 7. Whilst a strong non-linearity was observed for
nanopores, a linear increase of the etching depth was observed for the
nanorods. The contrast is striking, and is likely to result from the
‘open’ nature of the nanorod topology with interconnected space in-
between that facilitate the transport of the neutral species and the re-
moval of the etch by-products. This contrasts with the ‘closed’ nature
of the nanopores in which the by-products can only be removed via
the limited nanopore opening.
Potential fundamental limitations to the aspect ratio achievable for
both nanorods and nanopores include: the selectivity of the metal
mask, undercutting leading to eventual fracture of the template, and
ARDE. For nanorods, the use of ametalmask and the increase of temper-
ature, as well as a ﬁne tuning of the pressure allowed us to increase the
aspect ratio to greater than 12. However, in the case of nanopores, the
aspect ratio is more limited.
4. Summary and conclusion
In summary, high-aspect-ratio etched nanostructures have been
fabricated and their properties controlled by careful control of the ICP
etching parameters.We have identiﬁed and described the effect of tem-
perature and pressure on the etching mechanisms of GaN. The temper-
ature has been found to dramatically enhance both sidewall verticality
and the achievable etch depth, with a temperature of ~125 °C delineat-
ing two etching regimes. The pressure is also found to have an impor-
tant impact on the sidewall verticality so that the sidewall proﬁle
within a nanorod array can be tuned from tapered to vertical. Further-
more higher pressure affects themask erosion and hence the selectivity
of the etch process.
In conclusion, the key parameters of temperature and pressure
should be carefully controlled to design and tune nanorod proﬁles,
both in close-packed and sparser nanorod arrays. This work provides
guidelines to tune the height, diameter and proﬁle of nanorods and
nanopores which are useful for the fabrication of advanced photonic
crystal devices.
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